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Containment of the acquired immunodeficiency syndrome (AIDS) epidemic will require 
an effective human immunodeficiency virus type 1 (HIV-1) vaccine. Accumulating evi- 
dence suggests that such a vaccine must efficiently elicit an HIV-l-specific cytotoxic T 
lymphocyte (CTL) response. Nonhuman primate models will continue to provide an 
important tool for assessing the extent of protective immunity induced by various im- 
munization strategies. Although replication-competent AIDS viruses attenuated for 
pathogenicity by selective gene deletions have provided protective immunity in nonhu- 
man primate models, the long-term safety of such vaccines in human populations is 
suspect. Inactivated virus and subunit vaccines have elicited neither CTLs nor antibodies 
capable of neutralizing a wide array of patient HIV-1 isolates. Considerable effort is now 
being focused on evaluating live vector-based vaccine and plasmid DNA vaccine ap- 
proaches for preventing HIV-I infection both in animal model and human studies. Our 
growing understanding of the biology of HIV-1 and immune responses to this virus will 
continue to suggest improved vaccination approaches for exploration. 

Alt l lougl l  the  current generation of anti- tratls~uissioll of the  virus. 
viral drugs represents a major triumph in  In this article, I will review our current 
the  battle against AIDS, most HIV-1-in- understa~lding of HIV-1-specific immunity 
fected incltviduals \\.ill never benefit from to  define the cllaracterlst~cs of the virus- 
these therapeuttc agents. T h e  spread of the  specific immune responses that a successf~~l 
AIDS epide~uic is co~lcelltrated in regtons vaccine should elicit. I n.111 then describe the 
of the ~vorlil \\here tnsufficient f ~ l l a ~ l c ~ a l  no~ lhuman  nriluate AIDS models used to 
resources are available to allow access to  
these ilruos (1 ). Even in ~ e a l t h v ,  industri- 

L 

alired natlolls where antiviral therapeutics 
are available, poor toleration of the  drugs 
and the  etuergellce of resistant viruses make 
lot-ig-term resnonses to antiviral theravies 
far from universal. In  fact, replication-cotn- 
petent HI\'-1 persists in lymphoid tissue 
even in individuals who appear to  liave 
resno~lded well to antiviral theraor- ( 2 ) .  

& ,  

Successful contaillmellt of the  AIDS epi- 
demic \\,ill ultimately require a n  effective 
vaccination strategy that prevents the  
spread oi HIV- 1. 

HIV-1 is a uniquely difficult target for 
vaccine ilevelopment. Immune correlates of 
protective immu~lit\-  against HI\'-1 infec- 
tion remain uncertain. T h e  virus persistent- 
11' renllcates ill the  infected individual. lead- , A 

ing inexorabl!. t o  dtsease desplte the gener- 
ation of v i ~ o r o u s  humoral and cellular im- 
mune responses (3) .  HIV-1 rap~dl\-  mutates 
during infection, resulttng in  the  generation 
of ~ ~ i r u s e s  that can escape immune recogni- 
tion (4). Virus can persist inilefinitely as 
latent p r o ~ ~ i r a l  D K A ,  capable of replicating 
in i~ldivlduals a t  a later ttme (5). Finally, 
because the usual route of transmisslo11 of 
HIV-1 is through mucosal surfaces, mucosal 
immunity may be required to prevetlt sexual 
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test vaccination strategies, indicating the 
strengths and l~mitatiotls of each model. Fi- 
nail\-, I will review the status of the various 
HIV-1 vaccine strategies that have been 
tested, describing both the traditional and 
novel approaches that have been explored. 

Immune Responses to HIV-1 in 
Infected Individuals 

T h e  development of a vaccine to  prevent 
lllfectlon by HIV-1 must be based o n  a n  
understandkg of both the  humoral and cel- 
lular immune resuonses to the  virus. Prima- 
rTi patient HIV-1 isolates do not have a 
highl\- immunogenic, shared principal neu- 
tra1i:ing determitla~lt  (6) .  Although high- 
ttter HIV-1 envelope-binding antibodies 
are susta~ned in infected individuals 
throughout the  course of infection, these 
antibodies have very poor neutralizing ac- 
tivit\- against autologous as xe l l  as represen- 
tative prilnary patlent virus ~solates (7). 
Moreover, the  emergence of these weak 
neutralirino antibodv resiwnses is detected L. , 

long after tlhe colltaillnlellt of the  early 
burst of HIV-1 replicat~on during primary 
infection (8). These observations suggest 
that neutralizing antilxdies that arise 111 

response to  HIV-1 infect~on may not he 
critical 111 lillliting viral replication. 

However. tliis does not mean that a 
neutralizing antibody response callnot be 

elictted by a vaccine or that such a n  lm- 
mune response l n ~ g h t  not protect against 
HIV-1 tnfection. A small number of human 
monoclonal ant~bodies  have been generat- 
eii from infected individuals with potent 
neutraliz~ng activity against a diversit\- of 
primary patlent HI\'-1 ~solates (9) .  It is now 
clear that antibodies must hind well to the  
gp12C/gp41 complex on the surface of viri- 
ons and not  luerely isolated gpl2C in  order 
to neutralize the virus (9 ) .  Further broad\- 
neutralizing anti-HI\'-1 enr~elope antibod\- 
spec~ficities tnay be ilefined In the  near 
future as the  screening assays useil for anti- 
body selection take this understand~ng into 
consideration. 

C D K  cytotoxic T ly~nphocytes (CTLs)  
appear to  he important in  containing the  
spread of HI\'-1 in  infected indiviciuals. 
Evidence for this protective role comes 
from a variety of observations. HIV-1-spe- 
cific C T L s  have been found in large num- 
bers in  a variet\- of anatonlic compartments 
in  both HIV-1-mfected humans and non-  
human primates x i t h  comparable infec- 
t lo~ls:  in  per~plleral blood l\-mpllocytes, 
hroncl~oalveolar lavage lymphoc\-tes, l\-tnph 
nodes, spleen, skin, cerebrospinal fluid, and 
vaginal mucosal tissue (1 0). T h e  replication 
of HIV-1 in CD4' l\-mphoc\-tes call be 
inhibiteil b\- autologous C D K  C T L s  b\- 
mechanisms that prohabl\- include both I\-- 
sis and release of chemokines and c\-tokines 
(1 1 ). T h e  early cotltaitlluent of HIV-1 rep- 
lication 111 the  infected ~ndividual coincides 
te~nporally with the  emergence of a virus- 
specific C T L  response (12) .  hloreover, 111 

those chron~cally infected with HIV-1, a 
high-frequency C T L  response is correlated 
with the  tuai~ltetlallce of l o x  virus loail and 
a stable clinical status (13).  These observa- 
tiotls suggest that a n  effectlve HIV-1 vac- 
cine should stimulate HIV-1-spectf~c 
CTLs.  This presents a n  important chal- 
lenge in HI\'-1 vaccine ilevelopment, he- 
cause most vaccines h colntnoll use for 
preventing other i~lfectious diseases have 
not needed to  iniluce effector T cells. 

Precisely how efficient a n  HIV-1 vac- 
cine must be in eliciting C T L s  renlains a n  
open question. Ideally, a n  immunogen 
~ \ ~ o u l d  induce potent and long-lived C T L s  
in most or all vaccinees against a variety of 
virus-encoded proteins. However, the  ratio- 
nale for eliciting HIV-1-specific C T L s  by 
vC3ccillatioll IS that preextstillg tuelnor\i 
C T L s  shoulcl be expaniled to effector C T L s  
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in v ~ v o  after virus infection more rapidly HIV-1 is a member of a large family of It has proven remarkably eas\- to  protect 
chilllpanzees from infection a l t h  the  SF2 
isolate of HI\'-1. ~ ~ r o b a b l v  because the  virus 

and in larger numbers than n-ould na'ive T 
cells. Even a vacclne that elicits sporaciical- 
1y detected C T L s  could conceivably iniluce 
suff~cient memory T lymphocyte responses 
to f a c ~ l ~ t a t e  a rapid mohi1i:ation of effector 
C T L  after virus infection. T h e  extent of 
1-accine-induceii C T L  immunity that nil l  
be needed to contain a n  AIDS virus infec- 
tion will only be defined through empirtcal 
studies. 

primate lentiviruses that mcludes viruses 
that infect A f r ~ c a n  nonhuman Lmrnate sne- 
cies. These African lentivirus isolates, 
called sitnian immunodeficiencv viruses 

, L 

repl~cates so poorly in  ;hat species (15) .  
Challenge studies with HIV-1,F2 in chinl- 
panzees are not likely to be sufficientl\- rig- 
orous to  provide useful data for pred~cting 

(SIVs), are not pathogenic in  their natural 
host species (1 7). Some isolates, ho\vever, 
persistently replicate to very high levels and 
induce a n  AIDS-like disease when they in- 

vaccine eff~cac\- in humans. On the  other 
l ~ a n ~ l ,  the  SIV isolate Phi l4  revlicates to 

fect Asian macaque monke\-s. hlanifesta- 
tions of this SIV-induced disease include 

such high titers in pig-tailed macaques dur- 
lne nrimarv infection that vaccine-ellcited 

C D 4  lymphoc\-te loss, ~mmunodeficiency, 
~vasting, infection by a variety of opportu- 
nistic pathogens, alld l\-mphotnas (1 8). T h e  
SI\'-infected macaaue has been a crucial 

L. . 
immunity hufficient to prevent HI\'-1 tn- 
fection in humans rnav be incavable of vre- Animal Models for Assessing 

HIV-1 Vaccine Strategies venting macaque infections wlth this virus 

122). Althoueh vtrus load in a number of 
A n ~ t u a l  models are needed to test the  effi- 
cat\- of different strategtes for elicitillg pro- 
tectlve imtnunity agamst HIV-1 infection 
(Table 1 ) .  T h e  only soectes other than 1x1- 

model for assessing HIV-1 vaccine strate- 
gies over the  past decade. 

Although the SIVs and HIV-1 III general 
have substantial nucleotide seauence homol- 

SIV/macaque tnodels appears to  be compa- 
rable to that seen in HIV-1-infected 11~1- 
mans, differences clearly exlst in the  b~ology 
of these v~rus-host interactions. T h e  most , 

mans that are susceptible to infection by 
HIV-1 are the  great apes. T h e  most careful- 
ly studied of these is the HI\'-1-infected 
chimpanzee. hlan\- primar\- patlent HI\'-1 
isolates maintain only a lo\\, level of repli- 
cation in ch~mpanzees, with no detectable 
vtral RNA in the  plasma of chron~call\-  
infected animals (14).  These isolates do not 
induce dtsease in this species. A number of 
vaccine strategies have protected chimpan- 
zees from infectloll by such poorly replicat- 
ing HIV-1 isolates (15). However, the  low 
levels of vlrus renlicatlon that are itlitlated 

ogy, the envelopes of these viruses are quite 
d~vergelnt (1 9) .  T h e  antigenic and structural 
ilifferences between these envelopes have 
limited the ut i l~ty  of the SIV/macaque model 
for assessing HIV-1 envelope-based vacctne 
strategies. Recent studies have shown that 
chimeric viruses can be constructed 111 the 
laboratory that express HIV-1 envelopes o n  
an  SIV backbone (20). Such constructed 

striking of these ilifferences 1s that ma- 
caques die sooner after infect~on with SIV 
than cio humans mfectecl with HIV- 1. T h e  
rapidity and extent of CD4.- lymphoc\-te 
loss in macaques infected x i t h  patllogenic 
SHIV isolates are greater tllan the CD4+ 
cell loss induced by HIV-1 in l~utnans  (21 ). 
In  fact, there is n o  perfect nonhuman pri- 
mate rnodel for predictillg HIV-1 vaccine 
efficacy. However, the  variety of models 
available affords a n  important opportunit!. 

viruses, referred to as simian/human imtnu- 
nodeflcienc\- viruses (SHIVS). d ~ d  not at first 
persistently replicate to high levels or cause 
ilisease in macaques. However, in vivo pas- 

to assess vaccine strategies tn a number of 
ilifferent systems and thus gauge the poten- 
CJ; of a particular vaccine-elicited ~mmuni ty  
in preventing AIDS virus infections. 

by these infections In the chirnpanree do 
not proviiie a particularly rigorous test of 

sage of some of these c h ~ m e r ~ c  viruses in 
macaques has resulteil in SHIVS that induce 
C D 4  l\-mpllocyte loss and death as a result 
of opportunistic infections (21 ). 

There is no  universally accepted ap- 
proach to  virus challenge for testing vac- 

vaccine-eliciteci ~mmunity .  
A chimpatuee-passaged isolate of HIV-1 

has recently been shown to replicate to 
high levels, induce C 1 3 4  ly~nphocyte loss, 
and cause an  AIDS-like syndrome in  chim- 
panzees (1 6) .  A vaccine challenge stock 
ileveloped from this isolate would provide 
a n  itnvortant nenr tool for testing vaccine 

Live, Attenuated Vaccines 

A live virus that has been genetically al- 
cine strategies in nonhuman prtmates. 
Laree numbers of female chimvatlzees and 

tered to attenuate its pathogentc potential 
can often elicit humoral and cellular itn- 

macaques are not  available for extensive 

protectloll studies involv~ng 1-aginal muco- 
sal virus challenges. Investigators therefore 
use intravenous challenges or, t o  assess pro- 

mune responses that are comparable to 
those generated in naturall!- occurring \ d d -  
type virus infections. Such genetically al- 
tered viruses are currently used as vaccines 

approaches. Nevertheless, the high cost and 
scarcity of ch~tnpanzees ni l l  continue to 
limit their u t ~ l ~ t y  for studying the diversit!. 
of HI\'-1 vaccine strateotes that must be 

to  prevent polio, measles, and chicken pox 
in  humans. Preclinical studies have been 

tection agattlst mucosal infect~on,  use in- 
trarectal routes of virus inoculation. Iin- 

evaluated. mune protection against virus challe~lges by 
these routes may not predict the  outcome of 

clone to  explore the potential utilit\- of live, 
attenuated viruses for preventing HIV-1 in- 
fection. These studtes received an  earl\- inl- 
petus from the  report that infection of ma- 
cacrues with a n  SIV that was rendered non- 

Table 1. Nonhuman pr~mate models for testng 
HV-1 vaccnes 

expoxre  to virus through lleterosexual co11- 
tact. Although much of HIV-1 transmtssion 
IS likely to  occur through exposure to cell- 

pathogenic by deletion of the accessory 
gene n e f  nrotected these antrnals from de- 

associated virus, most nonhuman primate 
vtrus challenge studies are iione n~itl l  cell- 
free virus to  simplify the issue of challenge 
virus preservation and quantitation. Finally, 
nonhuman primate vaccine studies have 
usuallv been iione x i t h  a virus inoculum 

> k 

tectable infection o n  subsequent challenge 
n l t h  pathogentc SI\' (23) .  T h e  initial sug- Chimpanzees 

HV-1 Scarcity of anmas, expense. 
limited viral repcaton and 
absence of dsease when 
infected w ~ t h  patent soates 

Macaques 
SIV Differences from HV-1 in \!ral 

sequences and important 
envelope epitopes 

SHIV D~fferent from HV-I-~nduced 
human disease In k~net~cs of 
CD4' cell loss 

gestion that an  accessory gene-deleted 
HIV-1 tllieht nrovide a viable AIDS vac- 

size sufficient to infect all unimmunired 
control animals. Such a n  inoculum almost 

, >  . 
cine was met with considerable skepticism. 
Recause HIV-1 mutates extretne1~- rapid\-.  

certainly cotltaitls a larger quantity of virus 
than is usually resvonsihle for HIV-1 trans- 

it mas suggestej that accumulating genetlc 
alteratiotls tn a nonuatl~oeenic virus used as , L 

rntssion betxeen humans. 
These nonhuman primate infect~ons 

provide models of varying Jegrees of strin- 
gency for assessing HIV vacclne strategies. 

L 

a vaccine might lead eventual17- to the  vtrus 
regattlttlg its pathogenic potenttal. Howev- 
er, a cohort of Australian men and women, 
all of whom rece~ved contaminatecl blood 
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cine prey~arations after virus purification 
has thus far l ~ ~ n i t e d  their utilit7-. 

products that were traced to a sitngle donor, 
Tere ttlfected a ~ i t h  a nef-deleted virus that 
does not appear to  induce significant CD4' 
T cell loss and AIDS (24).  

Experlrne~ltal work has heen inr~ested in 
attetnpting to define the  Immune mecha- 
11is1ns that mediate the potent protection 
afforcled by illfectio~l with a live, attenuated 
SIV. I rnm~~noglohu l~n  purified from serum 
of macaques that have heen ~ ~ a c c i n a t e d  
a i t h  i~ef-deleteci SI\' has not  protected na- 
i've macaques from infection with patho- 
genic SIV (25).  Rllesus mo~lke\-s infected 
wit11 a nef-deleteci SI\' ilevelop SIV-specific 
C T L  responses (26).  Holvever, the  adop- 
tive transfer studtes that xould he neeiled to 
cietnonstrate that such CTLs are involved 

terest was generated for this strategy earl\- in 
the  AIDS epiderntc h7- studtes 111 which 
macaques immunired a i t h  inactivated SIV 

Subunit Vaccines were readily protected against homologous 
pathogenic SIV challenges (30) .  However, 

Highly purified viral proteins cat1 he pro- 
cluced relatively inexpensively h\- expres- 
sion of viral genes in tumor cell l~l les  or 
\-east. A recotnhillant protein made In this 
lnatlller is used ill the successf~~l hepatitis R 
vaccine. Considerable effort has heen di- 

enthusiasm for thts vaccine approach xas  
substantially clampened h\- subseiluent find- 
ings suggesting that the  protective immuni- 
ty generated in these immunized monkeys 
was not  virus-specific. Rather, the protec- 
tion seen ill these vaccinated anitnals cor- 
related with the  presence of antibodies spe- 
cific for the  cells in which the vaccine virus 

rected toward evaluating recolnhinant mo- 
nomeric HIV-1 envelone nroteills as vac- 

\\-as cultivateci (31 ). Some degree of protec- 
tion was even achieved hr- immunizing ma- 

L .  

cine immunogens. A litniteii numher of 
chimpanree studies have suggested tliat this 

caclues with uninfected cells. 
L. 

These cell-suecific tmmune responses 
approach can protect against an  tntrave- 
nous cell-free HIV-1 challenge 133 ). H o a -  

in this protective immunit\- cannot he per- 
formed III outbred populations of macaques. 
Prior infection \\-it11 a nef-deleted SIV has 
heen s l ~ o ~ v n  to nrotect macaaues from ill- 

could have heen elicited by cell-surface 
molecules 111 the  vaccine urenaration that 

L, , 

ever, these studies were done n t t h  lahora- 
tory-ailapted challenge viruses which, in 

A 

either copurifed n i t h  the  vtrus or were in- 
corporated mto the  lipid hilayer of the viri- 
ons as they bucldeci from the  tuernhrane of 
infected cells. Antibodies to cell-surface 

tnost instances, 'lid not replicate to  ver\- 
high levels in the  chimpanrees. Proteins of 
this type have heen assesseil for Imtnunoge- 
nicity in human studies using a variety of 

fectio~l not only n-ith pathogenic SIVs, hut 
with SHIVS that express a n  HIV-1 enve- 
lope (27). Although the  interpretatton of 
these findings must he tem~lered by the 

molecules may interfere \\'it11 infection ei- 
ther hi~lditlg directly to cellular p ro tens  
incorporated into the  virions or by bincling 
to  the  cell surface and blocking interactions 

novel adjuvant formulations. ~ h e s e  stuhies 
uniformly dernollstrated that this vaccine 

realization tlyat some of the  SHIV^ used in 
these studies replicate onl\- to low levels in 

strateg\- hoes not  elicit HIV-1 envelope- 
s ~ ~ e c ~ f i c  C T L s  and cioes not generate antt- 

macaques, this observation suggests that en- 
velope-specific tmmunity may not he re- 
cluired for this protection. T h e  immunity 
elicited by infection with a nef-deleted SIV 
may therefore he either CTL-based or ma!- 

L 

between virus and receptors. A recognltio~l 
that a n  HIV-1 vaccine cannot he hasecl o n  
ant~hodies to  norrnal cell surface molecules 
rather than virus-specific antigenic deter- 
mlnatlts has led ~nvestigators to ahanilon 

body responses that can neutralize prtmary 
patient isolates of HIV-1 (34) .  Moreover, in 
imtnunogenicity trials 111 hlgll-risk human 
populations in the  United States, infections 
of tn~~ l t tn lv  ttntnu~lized volunteers have 

not he anttgen-specific. 
AII AIDS vaccine must, in the  end, he 

A ,  

been reported in xllich the  vaccine-eliciteci 
iminunit~- exerted n o  selective nressure o n  

this vaccine strategy. 
Atltigetls that  ~ n c l u d e  viral proteins 

safe. There is accumulating evidence m ma- 
caques that the genetic strategies that have 
heen used to date cannot create a safe l ~ v e ,  
a t t~nuateci  AIDS virus vaccine (Tahle 2).  
A pathologically attenuateci SIV isolate 
containi~le  a 12-nucleottde deletion in nef 

the  inkc;ing virus and had no  eifect o n  the 
clinical outcome of the itlfectio~ls (35) .  Al- 
though the  National Institutes of Health 
chose not  to  proceed with large-scale effi- 
cacy trials of a recornhillant HIV-1 enve- 
lope vaccine, other U.S. government agen- 

that  maintain a tertiary confortnatiotl sim- 
tlar to tha t  of the  native virus remain 
attractive as vaccine iinmunogens. Select- 
ed HIV-1 oroteins that  are exnresseci in  
a cell l ine can,  under certain condi- 
tions, self-assetnhle into particles (32) .  If 
these expressed viral proteins do  not  in- 
clude reverse transcriptase, these particles 
are not  replication competent.  Although 
there is interest in  such viruslike narticles 

regenerated a complete nef gene during the  
course of tnfectiotl tn macaclues, thereby 

cies and private vaccine ma~lufacturers are 
proceeding n i t h  trials of this vaccine strat- 
egy in Thailand with a bivalent immunogen 
that includes a n  envelope sequence typical 
of the clade E viruses commonly found in 
that geographic region. 

regainmg its pathogenic potential (28).  
More troubling, ho\vever, \\,ere the  recent L. 
reports that even SIVs with perslstellt ac- 
cessory gene deletions are p r o ~ ~ i n g  patho- 

as immunogens, the  technical problem of 
mailltailli~lg intact envelope in such vac- 

genic in neonates and even 111 adult ma- 
cailues that ha re  heen infected for a uro- 
longed period of time (29). It renlains a n  
open question as to  \vlletller a genettcall\- 
iieleted AIDS virus can repl~cate to a 111gll- 
enough level in vivo to  interfere x i t h  in- 
fection hv allother AIDS virus isolate and 

Table 2. Current strateges for an HV-1  vaccine 

Approach 

Live, attenuated vruses 

L~mitations 

Eventual pathogenicity n vaccinees 

still not induce disease dur t~lg  a prolonged 
period of infection. 

nactvated ?/ruses with adju?/ants Protecton based on ant-cell rather than 
ant~v~ral ant~bod~es 

Subun~t vacclnes 
Recombnant monomerc envelope proten Absence of antbodes trat neutraze patent 

soates of HV-1 absence of CTLs 
Absence of antbodes that neutraze patent 

soates of HV-1  
lrnrn~~nogen~c~ty, and level of n v11lo repcaton 

and pathogencty of vector closely 
correlated 

Inactivated Viruses with Adjuvant 

Illactivated n~llole viruses delivered mlth a 
variety of acijuvants call provide long-last- 
ing protection in humans against a numher 
of 1-iruses, including influenra and polio 
virus. In  spite of fears that incomplete in- 
activation of HIV-1 tnlght lead to inadver- 
tent ~l l fect io~l  of vaccinees, considerable tn- 

Lve vector-based vaccnes 
(pox viruses, singe-strand RNA ?/iruses, 
adenovrus, bac le  Camette-Guerin, and 
enterc bactera) 

DNA plasmds L t t e  experence w th  approach 
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Our growing understancling of envelope 
as it is expressed by prlrnary patient HIV-1 

i ~ n a l  or human with such recotubinant vi- 
ruses or bacteria leads to Immune resuonses 

isolates suggests that the  use of reco~nbinant  
envelope glycoproteins as imtnunogens 
bears revisit~ng. It has become clear that 
tissue culture adantation of HIV-1 alters the  
configuration of the  envelope glycoprotein, 
exposing its third hypervariable (\'3) loop 
as a neutralization determinant in a luanner 
that does not occur in ~ a t i e n t  isolates of the  
virus (36) .  Recent data also suggest that the  
native envelone exists as a trilner rather 
than a nlonolner (37) .  Furthermore, the  
:onfornnatlon of the  HIV-1 enveloue clear- 
ly changes as it associates with C D 4  and a 
che~nokine receutor (9 ) .  Recombinant en- 
velope glycoprotein itnmunogens that are 
based o n  prltnar\- patient [solate envelope 
sequences expressed as oligo~ners and that 
are uresented to the  immune sristeln with a n  
appreciation for the importance of their 
tertiary conformation, bear careful study. A 
reco~ublnant protein immunogen, formulat- 
ed in an\- available adjuvant, cannot effi- 
ciently eliclt a C T L  response. Such immu- 
nogens ma\-, however, prove useful for elic- 
iting neutralizing antibodies and prove effi- 
cacious in combination with other vaccine 
strate~ies.  

Early enthus~asm for exploring peptide 
vaccines for nreventine HIV-1 infection was 
based o n  the supposition that the 113 loop of 
HIV-1 was the principal neutralizing deter- 
minant of the virus and the delllollstration 
that this determinant could be mirnicked 
antigenically b\- s\-nthetic peptides (38). Fur- 
thermore, adjuvanted peptides were shown 
to be capable of eliciting virus-specific C T L  
resnonses in a variety of exneri~nental ani- 
mals. However, lipopeptide formulations 
proved disappointing in their ability to elicit 
CTLs in limited human trials. Peptide vac- 
cine strategies lost further favor n.hen ~t be- - 
came clear that the 173 loop is of less impor- 
tance as a neutralizing deter~uinant on pa- 
tient isolates of HIV-l than ~t is o n  labora- 
tor\--adapted virus isolates (9).  Recent 
observations suggesting that the V3 loop 
may be important in gpl20-CD4-chennokine 
receptor interactions (391, coupled n i t h  the 
attractiveness of using colnbinations of pep- 
tides as a strategy for overcoming the prob- 
lern of sequence diversity among HIV-1 iso- 
lates, and their ability as innmunogens to 
elicit CTLs,  leave peptides with a potential 
role in combination modality approaches to 
an  HIV-1 vaccine. 

Live Vector-Based Vaccines 

Genes encoding viral proteins can be in- 
serted into the  genolnes of other viruses or 
bacteria. T h e  resulting recolnbinant organ- 
isms then express the  products of the insert- 
ed genes. Infection of an  experimental an- 

to the  parental organisms and to the  prod- 
ucts of the  inserted genes. Vaccines based 
o n  this recornbinant approach have the  po- 
tential t o  elicit immunity of the  magnitude 
and duration generated through a n  infec- 
tion but a i thou t  pathogen~c consequences. 
T h e  utility of this vaccine approach is, 1lon.- 
ever, constrained h\- the  size of the  gene 
that can be carried by the  parental vector 
and the in vivo replicative capacit\-, genetic 
stablllty, and pathogenic~ty of the  recombi- 
nant  organism. 

T h e  best-studied vaccine vectors are the  
pox vlruses. Reco~nbinant  organis~ns creat- 
ed b\- inserting AIDS virus genes into vac- 
cinia virus ( the  live, attenuated vaccine 
virus that has ellrninated s~uallpox infec- 
tions aor ldaide)  have elicited AIDS virus- 
specific cellular and huluoral immunit\- in 
macaques (40).  hloreover, x h e n  irnmuniza- 
tions mith such constructs have been fol- 
lon.ed mlth boosting by recornbinant pro- 
telns, vaccinated monkeys have been pro- 
tected against infection by some SIV iso- 
lates (41) .  These findings suggest that 
vacclnia vlrus should he an  extremely 
promising vector for use as an  HIV vaccine. 
However, humans immunosuppressed as a 
consequence of HI\/ infection who have 
been inoculated mith vaccinia have devel- 
oped life-threatening disseminated vaccinia 
infections (42) .  In  vien. of the  large num- 
bers of innnnunos~~ppressed, HIV-infected 
individuals in regions of the morld mhere a n  
HI\/ vaccine must be administered, and the  
possibility of spread of vaccinia from vacci- 
nees to these susceptible individuals, there 
1s a reluctance to use this vector systelu in 
large-scale human trials. 

Interest has, therefore, turned to pox 
viruses with llluited in vivo replicative ca- 
pacity and, therefore, l i ln~ted pathogenic 
potential in humans. A vaccinia strain that 
n.as multiply passaged in vitro, modified 
vaccinia ankara (MVA) ,  has deletions of a 
number of genes associated n.ith its patho- 
gellicit\- (43).  W h e n  hlV.4 was used as a 
vacclne vector for SIV genes, irnmuniration 
before SIV infection substantially dela\-ed 
the clinical progression of AIDS in half of 
the  immun~zed macaques (44) .  Although 
expanded studies of this pox vector for use 
as an  HIV-1 vaccine are ollgoing in non- 
human primates, the  absence of a propri- 
etary position o n  this technology has 
slovved the progress of its develop~nent for 
testing in humans. 

Avian pox viruses do  lnot complete a n  
entire replication cycle in human cells. 
However, they initiate protein synthesis 
and, in so doing, can elicit a n  i~nlnune 
response. In  view of the excellent safety 
profile of the avian pox viruses in hurnans, 

reco~nhinant  HIV-1 vaccines created n i t h  
these vectors have undergone extensive 
prec11111cal and early-phase human testing. 
Stuclies have been done o n  Inore than 300 
hunlan volunteers n.ho mere irnmunized 
a i t h  canary pox vectors encod~ng  both 
HI\'-1 envelope and gag in a varlety of 
dosaees and vaccination schedules. Al- 
though the  responses in  these individuals 
varied as a result of the  uarticular immuni- 
zation protocol, low-tlter envelope- and 
gag-specific antibodies were detected 111 

70% of vaccinees (45).  During the  course of 
repeated vaccinations 1~1th both envelope- 
and gag-expressing canar\- pox constructs, 
at any single sampling time, 29% of indi- 
viduals have either a n  envelope- or gag- 
specific C T L  response. Throughout the en- 
tire course of study, a t  least a single positive 
C T L  response to either envelope or gag has 
been detected in 53% of vaccinees (46).  
Man\- of these responses have, holyever, not  
proven durable, a i t h  some subjects demon- 
strating only sporadically detectable C T L  
responses. Although the  consistency of 
HIV-1-speciflc C T L  elicitatloll n.as cer- 
tainly not  optimal, this vaccine approach 
does elicit effector T cell immunity. 
Whether  this degree of immunogeniclty is 
sufficient to marrant testing of this vector 
strategy in  large-scale human efficacy trials 
mill be debated h\- scientists in the  coming 
months. 

Other  viruses that are being evaluated as 
vaccine vectors in e re clinical studies in- 
clude adellovirus and a number of single- 
strand R N A  viruses. Because of the  Dre- 
sunned importance of lnucosal immunity in 
protecting against a n  HIV-1 infectLon and 
the  ability of adenoviruses to  elicit mucosal 
immune responses, adenoviruses would ap- 
pear to  be attractive vectors for mducing 
HIV-1-specific immunity. Although the  
immunity generated by recolnbinant sero- 
tyDe 5 and 7 adenoviruses has not ~ r o v e n  , L 

ver\- effective, work continues in this area 
n.ith some of the Inore immunoqenic gene- 
deleted adenoviruses that have been devel- 
oped as gene therapy vectors (47) .  Investi- 
gators are just beginning to evaluate the  
potential utilit\- of polio virus and the  alpha 
viruses iincludine Sernliki forest virus and 
Veneruelan equine encephalitis vlrus) as 
HIV vaccine vectors 122. 48). 

Some effort has also gone into the  eval- 
uatlon of recolnbinant bacteria as HI\/ vac- 
cine vectors. T h e  pathologically attenuated 
bacterium that is used to vaccinate against - 
M;iycobacterium tuberculosis infection, bacille 
Calmette-G~16rin (BCG) ,  is attractive as a 
vaccine vector calndidate because it estab- 
lishes a chronic, persistent infection and 
has proven to be safe in vvorldwide use. 
Limited studies in nonhuman primates have 
indicated that infection of rhesus monkevs 
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with recolnhinant BCG can elicit AIDS 
vin~s-specific C T L  responses (49) .  Enteric 
bacteria, including salmonella and shigella, 
have also generated interest because of their 

not occur as part of the normal host response 
might be generated through \raccination. 
Large studies done in chronically infected 
individuals with recombinant envelope pro- 

sirable (54) .  Assessing the  impact of prior 
vaccinatioln o n  the  clinical disease course 
after HIV-1 infection could, therefore, re- 
quire withholding appropriate, available - 

ability to elicit rnucosal immune responses. 
T h e  recombinant enteric bacteria studied 

tein and with inactivated virion immune- 
gens failed to demonstrate a convincing an- 
tiviral effect (52).  With  the advent of 
HAART,  a new rationale has been orooosed 

therapies. 
There  is today, however, reason to  per- 

to date, however, have not proven particu- 
larly immunogenic. 

sist in  efforts to generate sterilizing immu- 
nitv to  HIV-1. Protection against AIDS - 

T h e  live vector approaches that have 
been evaluated have, in general, shared a 

. 
for exploring vaccine therapies in infected 
individuals who have resvonded to antiviral 

virus infections has been achieved in  non-  
human  nrirnates with a varietv of strate- 

single shortcoming. T h e  immunogenicity of 
a vector is closely tied to the extent of 
replicatioln that vector undergoes in vivo, 
and the pathogenicity of a vector is similar- 
ly correlated with the extent of in vivo 
re~l icat ion of that organism. Therefore, the  

drugs. Treated individuals frequently show 
waning humoral and cellular immune re- 
sponses to HIV-1 as their load of viral anti- 
gen decreases (53). It has been suggested 
that vaccine-elicited immunity in such indi- 
viduals may result in even greater contain- 

gies. W: should be able to i1;crease the  
efficiency of vaccines to elicit t he  HIV-1- 
specific CTL and neutralizing antibody 
resDonses that  mediate this vrotection 
through the  application of currently avail- 
able technologies. Moreover, our growing 
understanding of the  biology of HIV-1 and 
i ~ n ~ n u n e  responses to this virus will con- 

- 
most immunogenic of the live vectors have 
also proven to be the  most pathogenic. 
Nevertheless, these strategies remain attrac- 
tive and will be intensively explored in the 

- 
lnent of viral replication, perhaps event~lally 
allo\ving withdravval of HAART.  Studies to 

u 

assess this possibility will be pursued by a 
number of laboratories. 

tinue to  suggest improved vaccination ap- 
proaches for exploration. 

corning years. 
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HIV-1 Regulatory/Accessory 
Genes: Keys to Unraveling Viral 

and Host Cell Biology 
Michael Emerman* and Michael H. Malim* 

Human immunodeficiency virus type-I (HIV-I) manipulates fundamental host cell pro- 
cesses in sophisticated ways to achieve optimum replicative efficiency. Recent studies 
have provided new details on the molecular interactions of HIV-I with its host cell. For 
example, HIV-1 encodes a protein that regulates transcriptional elongation by interacting 
with a cellular cyclin-dependent kinase, another that activates the specific nuclear export 
of viral RNA, and several others that affect the intracellular trafficking of viral and host 
cell proteins. Detailed analysis of the interplay between these viral proteins and normal 
cellular activities has provided new insights into central questions of virology and host 
cell biology. 

H I V - 1  is a member of one of the  five nnaio~ 
primate lineages of the l en t iv i r~~s  family of 
retroviruses (1) .  Although the  basic steps of 
the  HIV-1 life cycle are the  same as for 
other retroviruses, six virallv encoded reou- - 
latory/accessory proteins (Tat ,  Rev, Vif, 
Vpr, Vpu, and Nef) that are not found in 
other classes of retroviruses impart novel 
levels of complexity to lentiviral replication 
12). Here we review some of the  most re- , , 

cent progress in our understanding of the  
interactions between these oene uroducts 

c> L 

and host cell factors and discuss possible 
selective uressures that have irnoosed the 
need for these specialized viral proteins. 

Transcriptional Control by 
Manipulation of Host Cell Factors 

High-level HIV-1 transcription from the  
integrated D N A  form of the virus ( the  pro- 
vir~ls) is regulated by a n  -14-kD viral pro- 
tein called Tat .  T h e  domain structure of 
Ta t  is typical of many transcriptional acti- 
vators and incl~ldes an  activation domain 
a~nd a n ~ ~ c l e i c  acid ( in  this case, R N A )  
binding domain. Ta t  function is dependent 
o n  a bulged R N A  stem-loop structure, T A R  
(Tat  activation region), that is present at 
the  5'-terminus of all viral rnRNAs (Fig. 1) .  
Although HIV-1 transcription is mediated 
bv cellular R N A  uolvmerase 11. Tat  acts 

A ,  

mostly at the level of transcriptional elon- 
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about Ta t  trans activation: First, binding of 
reco~nbinant  Tat  to  T A R  in vitro does not 
require the  loop sequences known to be 
necessary in viva for function; second, pre- 
incubation of n ~ ~ c l e a r  extracts with the ac- 
tivation domain of reco~nbinant Ta t  de- 
pletes a factor necessary for Tat-mediated 
transcription in vitro; and finally, Ta t  func- 
tions poorly in rodent cells ~lnless comple- 
mented by a factor or factors that can be 
supplied in trans by human chromosome 12. 
A cellular protein complex whose attributes 
explain these diverse phenomena has now 
heen found. 

A cellular protein kinase connplex called 
T A K  (Tat-associated kinase) was identified 
that specifically binds to the  activation do- 
main of Ta t  anc3 can phosphorylate the  
COOH-terminal domain ( C T D )  of R N A  
polymerase I1 (4)-a step that had already 
been implicated in reg~llation of transcrip- 
tional elongation (5). T h e  kinase compo- 
nent  of TAK vvas then shown to  be the  
same as a previously identified kinase 
named PITALRE that was also implicated 
in tra~nscriptional elongation. T h e  kinase 
activity of the PITALRE complex is dis- 
rupted hy co~npounds that were identified 
during an  in vitro drug screen as inhibitors 
of Ta t  activity (6). PITALRE has since 
heen renamed Cdk9 because it .is related to 
the  family of cyclin-dependent kinases 
(Cdks).  

By analogy with other Cdks, it was as- 
sunned that Cdk9 would have a cyclin-relat- 
ec3 partner that would confer substrate spec- 
ificity on the  kinase. This protein has been 
identified and is called cyclin T (CycT) (7). 
CycT binds the activation domain of Tat  
both o n  its own anc3 in the  context of a 
Cdk9-CycT complex (Cdk9 does not bind 
Ta t  o n  its own) (Fig. 1). CycT increases the 
affinity of Tat  for T A R ,  increases the spec- 
ificity of Tat  for residues of T A R  knovvn to 
be i~nporta~nt for activity ( the  loop and bulge 
residues), and is necessary for transcriptional 
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